The impacts of forest management on habitat characteristics, species richness, and population dynamics of small mammals remain ambiguous. We studied the response of small-mammal populations, including snowshoe hares, to clear-cutting with protection of advanced regeneration and soils (CPRS) and precommercial thinning (PCT). We compared stands recently treated by CPRS or PCT with established stands dominated by deciduous or coniferous trees in two large blocks of mixed forests. We measured habitat components and abundance of small mammals in the four stand types. Trees (DBH ≥ 9 cm) became very rare in CPRS stands and remained at low density in PCT stands, which stimulated the growth of herbs and seedlings, resulting in increased lateral cover. Tree harvest also generated coarse woody debris in CPRS stands, which did not persist in PCT stands. Small mammals responded to these disturbances in a species-specific manner but, overall, relative abundance and species richness of small mammals were lower in PCT stands than in CPRS and closed stands. Our results suggest that forest managers should exclude some stands from PCT following CPRS or natural perturbations, to maintain ecosystem diversity at the landscape level.
Introduction
Boreal populations of small mammals, including lagomorphs, tend to exhibit latitudinal gradients of cyclicity (Hansson and Henttonen 1985; Keith 1990) , with predation playing a key role in this pattern (e.g., Krebs et al. 1995) . Small mammals, which represent the prey base for many terrestrial and avian predators (Keith 1990) , are consumers of plants, lichens, fungi, and invertebrates (Ericson 1977; Keith 1990 ) and dispersers of seeds and spores (Ostfeld et al. 1997) . Consequently, both predation and food supply have been identified as factors affecting small-mammal distributions within forested landscapes (Morris and Lundberg 1996; Beaudoin et al. 2004) . Habitat selection by small mammals should therefore be strongly dependent on factors that ensure the provision of cover (e.g., refuge against predators) and food sources and could reflect habitat-dependent survival (Hansson 1997; Beaudoin et al. 2004) .
Habitat components are influenced by various natural and anthropogenic disturbances, including logging, which has become the dominant perturbation in many parts of boreal and mixed forests over the last century. Clear-cutting has been the most widespread silvicultural practice over much of eastern Canada during recent decades (Canadian Council of Forest Ministers 2002) . However, since the adoption of new forest-harvesting standards in Quebec in 1996, operators must use clear-cutting with protection of advanced regeneration and soils (CPRS). Nevertheless, this silvicultural treatment still represents a major disturbance, since almost all trees are harvested. CPRS reduces the forest canopy and increases light levels in shrub and ground layers while retaining residual cover for many species of terrestrial wildlife. Precommercial thinning (PCT), which reduces the density of young overstocked stands to accelerate the growth of residual poles (Brissette et al. 1999) , rapidly became widespread in Quebec during the 1990s (Canadian Council of Forest Ministers 2002) . Between 1999 and , approximately 1000 km 2 was subjected to PCT annually (Parent and Fortin 2003) and in some regions, almost all eligible stands were thinned. PCT takes place approximately 10 years (8-20 years) after disturbance, mainly CPRS, and partly reduces ground cover for some years. Because a large fraction of Quebec forests is managed using these treatments, CPRS and PCT could significantly modify the habitat for many animal species, and could therefore influence species richness and population dynamics of small mammals.
Snowshoe hares (Lepus americanus Erxleben, 1777) occupy various habitats but prefer dense shrubby stands that are rich in food and cover (Beaudoin et al. 2004) , while small rodents and insectivores likely select habitat with respect to structure and abundance of woody debris, vegetation, and cavities (e.g., Kirkland 1990 ). Clear-cutting and PCT have the potential to modify the composition and structure of habitats (Sullivan et al. 2001a (Sullivan et al. , 2005 , but smallmammal communities appear resilient to these disturbances. Although both species composition and abundance of small mammals may be influenced by these treatments, the effects vary from one species to another (e.g., Homyack et al. 2005) . In general, a few years after disturbance, the overall abundance of small mammals tends to increase in treated stands (Fuller et al. 2004) , while changes in diversity or species richness vary among studies (reviewed by Sullivan et al. 2005) .
Small mammals are appropriate for examining the response of animal communities to forest management practices, owing to their multiple ecological roles. The impacts of CPRS and PCT on habitat characteristics, species richness, and population dynamics of small mammals remain ambiguous. We therefore studied snowshoe hare and small-mammal populations in two large blocks of mixed forests in southeastern Quebec that were heavily managed for timber production. We anticipated that both CPRS and PCT would have a negative effect on some species of small herbivores and insectivores. Our objectives included (i) documenting how the two treatments affected forest habitats, (ii) determining how the treatments affected species abundance and richness, and (iii) identifying which habitat components influenced species abundance. Lastly, we discuss our results in light of forest management practices in northeastern North America and the implications for maintaining biodiversity at the local and landscape levels.
Materials and methods

Study areas
This study was performed in two large forested blocks, 80 km apart, on the south shore of the St. Lawrence River in Quebec. Furbearers had been continuously trapped in the first study area (TRAP; 47°36′N, 69°21′W, ≈800 km 2 ), whereas trapping had been prohibited in the other area (PROT; 48°08′N, 68°37′W, ≈270 km 2 ) since the creation of the Duchénier Game Reserve in 1977. Trapping affected habitat use by (Beaudoin et al. 2004 ) and density of snowshoe hares (Etcheverry et al. 2005 ) because of reduced predation risk, but had no obvious impact on the abundance of other smallmammal species .
Both areas are characterized by gently rolling hills, the altitude varying between 220 and 610 m asl. Mixed forests typical of the transition zone between northern hardwood forests and boreal forests covered the two areas (Marie-Victorin 1995). The annual temperature averages 2.5°C and precipitation varies between 900 and 1200 mm, of which 33% falls as snow. Snow cover persists from early December to late April (Environment Canada 1993) . Spruce budworm (Choristoneura fumiferana) outbreaks and logging affected both areas extensively during the last century and created a mosaic of relatively young forest stands with a network of gravel roads and trails. Dominant tree species were similar in the two areas and included balsam fir (Abies balsamea), red and white spruces (Picea rubens, Picea glauca), paper and yellow birches (Betula papyrifera, Betula alleghaniensis), red and sugar maples (Acer rubrum, Acer saccharum), trembling aspen (Populus tremuloides), and balsam poplar (Populus balsamifera).
Small mammals present in the study areas included snowshoe hare (hereinafter referred to as hare), northern flying squirrel (Glaucomys sabrinus), red squirrel (Tamiasciurus hudsonicus), eastern chipmunk (Tamias striatus), southern red-backed vole (Clethrionomys gapperi), meadow vole (Microtus pennsylvanicus), deer mouse (Peromyscus maniculatus), woodland jumping mouse (Napaeozapus insignis), northern short-tailed shrew (Blarina brevicauda), masked shrew (Sorex cinereus), smoky shrew (Sorex fumeus), and pygmy shrew (Sorex hoyi). These small mammals were preyed upon by 12 or more species of avian and terrestrial carnivores ).
Vegetation sampling
We used a stratified random sampling design based on 1 : 20 000 forest maps. Over 95% of the stands in our study areas had been managed using various silvicultural treatments during the last century. Thus, all stands were relatively young and could be grouped into four strata: stands ≤10 years after CPRS; stands ≤10 years after PCT; established stands dominated by deciduous species (deciduous stands (DS) >10 years after logging); and established stands dominated by conifers (coniferous stands (CS) >10 years after logging). Herbicide use is prohibited in Quebec, so PCT, which is performed with motorized manual brush saws, was never preceded by herbicide spraying. Age varied among established stands but most trees were 40-60 years old. We sampled vegetation in 34 stands (17 in each study area) selected from a subsample of those used to trap hares (n = 48) and small mammals (n = 54; see below) during the summers of 1999 (20 stands) and 2000 (14 stands). We systematically selected four sampling plots in each grid used to trap hares or small mammals, to characterize vegetation. In each sampling plot we measured 21 habitat variables within four layers (tree, shrub, herb, and forest floor) that could potentially provide security cover or food for hares and small mammals.
We first established a 15 m long linear transect originating from each plot center, to estimate canopy closure (%) separately for deciduous and coniferous trees (>3 m high). We recorded the presence of foliage over 10 points at 1.5 m intervals along the transect. We estimated the density of lateral cover (%) at 3 and 15 m from the plot center for two height strata, 0-50 and 51-100 cm, using a banner with ten 10 cm × 10 cm black and white squares (Nudds 1977) . We also estimated tree density and basal area of deciduous and coniferous trees using a plotless method and a 2× metric prism (Grosenbaugh 1952) . We determined pole density (DBH < 9 cm) of all species by counting stems within a 12.6 m 2 circular plot. We estimated the dry biomass (g) of all living plants between the ground and 1.5 m height using simple and multiple regression models in which vertical and lateral coverage served as independent variables (Rouleau et al. 2002) . We measured the vertical and lateral coverage of herbs and shrubs using a 2 m long transect placed over the plot center. Plants were identified to species and divided into seven subgroups: foliage of conifers including twigs above 50 cm high; foliage of conifers including twigs below 50 cm high; foliage of deciduous shrubs and trees above 50 cm high; foliage of deciduous shrubs and trees below 50 cm high; ferns, lycopods, and Equisetaceae; herbs; and graminoids. We also estimated ground cover (%) of litter, coarse woody debris (CWD; diameter >10 cm), and other components (rocks, lichens, mosses, fallen branches, bare soil or sand) along the 2 m long transect.
Small-mammal abundance and species richness
Abundance and species richness of small mammals, including hares, were estimated using capture-mark-recapture and removal trapping (for shrews) in 54 stands during the summers of 1998, 1999, and 2000. All captured species were considered when estimating species richness, but traps were designed for capturing either hares or mice, voles, and large shrews. Trapping grids were randomly allocated to at least five forest stands in each of the four strata in each area. Selected stands were used provided they were accessible and large enough to include a 300 m × 400 m grid. In each stand we placed a grid of 20 Tomahawk traps systematically distributed at 100 m intervals along four lines to capture hares (n = 48 stands). Between the central two lines of Tomahawk traps we also placed 100 Sherman traps at 10 m intervals in a 10 × 10 grid (Richer et al. 2002) to capture small mammals (n = 54 stands, i.e., 48 + 6 stands sampled exclusively with Sherman traps). Effective grid sizes (Brooks et al. 1998 ) covered approximately 23 and 1.29 ha for hares and voles/mice, respectively (Etcheverry et al. , 2005 .
Because abundances were low in some stands, we used three types of trapping grids to maximize the precision of density estimates (Etcheverry et al. , 2005 : (1) grids trapped only once for 1 or 3 nights; (2) grids trapped for 1 night during ≥1 growing season; and (3) grids trapped for 3 nights during ≥1 growing season. We attempted to maintain the same grids from year to year but we were forced to relocate some of them because of logging or loss of access during the course of the study. Thus, sample sizes were 28, 32, and 32 grids for hares and 40, 40, and 41 grids for small mammals in 1998, 1999, and 2000, respectively. We trapped during four periods in 1998 and three periods in 1999 and 2000 between late May and mid-September, for a total of approximately 100 000 trap-nights.
Tomahawk traps were baited with a piece of apple and alfalfa, while peanut butter replaced alfalfa in Sherman traps. Both types of trap were visited daily. Captured hares and small rodents were identified to species, weighed, sexed, marked with tags (one tag between the toes of each hind foot for hares (Keith et al. 1968 ) and one tag on each ear for small rodents) and released at the point of capture. Shrews, when captured alive, were removed and released a few kilometres from the trapping grids. The Animal Care Committee of Université du Québec à Rimouski approved the handling protocol (Nos. 09-20 and 10-21).
Statistical analysis
We used a completely random design for our study; we considered area (TRAP vs. PROT) as a factor rather than a replicate because furbearer trapping influenced hare density and habitat use (Beaudoin et al. 2004; Etcheverry et al. 2005) . For habitat variables we used the average value from the four sampling plots per grid as the data point, to take into account possible dependence among plots on the same grid. We then performed factorial ANOVAs to compare habitat variables between areas and among strata, and included an interaction term in the model. We assumed a Poisson distribution (Proc GENMOD, macro GLIMMIX; SAS Institute Inc. 1999) when variables included many zeros, otherwise we used the normal distribution with log or square-root transformations when appropriate. In a few cases where we could not normalize residuals (Shapiro-Wilks' W test), we performed ANOVAs on ranks (Proc MIXED; SAS Institute Inc. 1999); in all these cases, non-parametric and parametric ANOVAS yielded identical results.
We compared numbers of the three most common species captured, hares, red-backed voles, and deer mice, by means of repeated-measures ANOVA to determine whether abundance varied between areas or among strata and years, including all interactions between these factors. Trapping period within year was considered a random effect. We compared abundances using the number of different individuals captured per species after 1 night because the probability of capture based on the Chao estimator (Chao 1987; Rivest and Daigle 2004) did not differ between areas or among years (Etcheverry et al. , 2005 . We then computed an overall correction factor for 3-night trapping sessions for each spe-cies (3.259 ± 0.038 (mean ± SE) for hares; 2.021 ± 0.003 for red-backed voles; 2.308 ± 0.026 for deer mice; Etcheverry et al. , 2005 to estimate density. When computing standard errors of means, we took into account the fact that our density estimates combined the capture-mark-recapture technique and stratified random sampling (Etcheverry et al. , 2005 . We also expressed abundance as the number of individuals captured per 100 trap-nights, correcting for sprung traps and traps occupied by other species, to standardize measurements to those of three less common species (meadow vole, woodland jumping mouse, and northern short-tailed shrew) for which we could not estimate densities using the capture-mark-recapture technique. For the rarest species we compared abundances between areas, strata, and years with log-linear models using the Poisson distribution (Proc GENMOD, macro GLIMMIX; SAS Institute Inc. 1999) to take into account the possibility of dependence among repeated observations within a grid. We compared species richness between areas and among strata and years with a factorial ANOVA (Proc GLM; SAS Institute Inc. 1999).
We related the abundance (average number of captures after 3 nights during summer) of the four most common small mammals to habitat variables using multiple regression analyses for each species (Proc REG; SAS Institute Inc. 1999). We related small-mammal numbers to habitat variables only for the year when we sampled the vegetation in a given grid (n = 34). We performed a forward stepwise analysis and included in the final model only significant variables (P < 0.05) that increased the adjusted R 2 value by at least 1%. We also included interaction terms in the analysis to ensure that relationships were uniform between areas and strata. We ensured that residuals were normally distributed (ShapiroWilks' test) and without pattern (visual inspection of the plot). We tested for collinearity with the condition index, assuming that it was weak when the index was <30. After taking habitat variables into account, we tested whether including the relative abundance of other small-mammal species improved the fit to detect association or avoidance between species. Means are presented with their standard error.
Results
Impact of CPRS and PCT on habitat characteristics
No habitat variable differed significantly between the two areas (PROT and TRAP), either as the main factor or in interaction terms, therefore we pooled results from the grids in the two areas when averaging habitat components between forest strata. The forest canopy was almost completely closed in CS and DS, with coniferous cover dominating in CS (51%) and deciduous cover in DS (83%) ( Table 1) . Tree density and basal area of coniferous trees were both significantly greater in CS than in DS (536 vs. 386 trees/ha and 24 vs. 17 m 2 /ha, respectively). CPRS removed most trees and opened up the canopy. Deciduous and coniferous trees were equally rare and canopy closure averaged approximately 7% each in CPRS. Logging left 27 trees/ha, corresponding to a basal area of approximately 1 m 2 /ha. Stands treated with PCT did not differ significantly from CPRS stands with respect to the characteristics of the tree layer.
There were no significant differences in leaf biomass of shrubs or in pole density among strata. However, trends worth noting included the highest leaf biomass for shrubs in CPRS stands and the lowest in PCT stands, while pole density was highest in CPRS stands (Table 1) . PCT reduced pole density to levels measured in established stands. CPRS was mostly performed in coniferous stands and stimulated the growth of deciduous shrubs, whereas coniferous biomass did not change statistically following treatment. During PCT, operators selected conifers over deciduous species, and this was reflected in the low biomass of deciduous species in PCT stands. The density of lateral cover of the shrub layer at 3 m, which was comparable between CS and DS, increased significantly following CPRS and PCT. The density of lateral cover at 15 m did not vary among strata, ranging from 90% to 100%.
Biomass of herbs was significantly higher in CPRS and PCT stands than in CS and DS. Although biomass of deciduous seedlings and low shrubs increased in both CPRS and PCT stands compared with CS, biomass of coniferous seedlings was three times higher in PCT stands than in CPRS stands and CS. Lateral cover of the herbaceous layer at 3 m was higher in CPRS and PCT stands than in CS and DS.
CPRS resulted in a higher occurrence of CWD than in PCT stands and DS, but occurrence did not differ significantly from that in CS. Litter cover was lower in CPRS and PCT stands than in DS and similar to that in CS.
Small-mammal abundance and species richness
Overall, we trapped 752 hares, 2349 southern red-backed voles, 438 deer mice, 33 meadow voles, 48 woodland jumping mice, and 442 northern short-tailed shrews, and there were 904 incidental captures of six other species (144 squirrels, 567 chipmunks, and 193 shrews). The number of hares captured per grid differed between areas (F [1, 31] = 6.55, P = 0.016) and among years (F [2, 26] = 8.88, P = 0.001) but not among strata when PCT was excluded (F [2, 31] = 1.64, P = 0.209) or included (1999 and 2000 only; F [3,32] = 1.79, P = 0.169). Overall, hare abundance was almost twice as high in TRAP than in PROT (t 31 = 2.56, P = 0.016). The number of hares increased between 1998 and 1999 (P = 0.001) but remained stable between 1999 and 2000 (P = 0.600). Although the difference was not significant, hares tended to be more abundant in CS and CPRS stands than in other strata (Fig. 1) .
Numbers of red-backed voles did not vary between areas (F [1, 38] = 2.51, P = 0.121) but varied among years (F [2, 41] = 5.11, P = 0.010) and strata when PCT was excluded (F [2, 38] = 6.07, P = 0.005) and included (1999 and 2000 only: F [3, 39] = 5.86, P = 0.002). Overall, red-backed vole abundance remained stable from 1998 to 1999 (P = 0.484) but decreased in 2000 (P = 0.004) and was higher in CS and CPRS stands than in other strata (Fig. 1) . Deer mice exhibited an area × year interaction (F [2, 41] = 3.81, P = 0.031) and were more common in PROT than in TRAP, especially in 1999 (t 41 = 2.21, P = 0.033). The abundance of deer mice did not vary among strata (F [2, 38] = 1.02, P = 0.369) throughout the study (Fig. 1) .
The abundances of meadow voles and woodland jumping mice were low during the study (Fig. 1) . Numbers captured per 100 trap-nights did not vary between areas (meadow voles: χ . Since no meadow voles were captured within CS, we omitted this stratum from the statistical analysis for this species. Meadow voles tended to be more abundant in CPRS (P = 0.011) and PCT stands (P = 0.053) than in DS, whereas woodland jumping mice tended to be more abundant in DS than in CPRS stands (P = 0.135), CS (P = 0.064), and PCT stands (P = 0.028; Fig. 1 ). Numbers of short-tailed shrews varied among years (χ 2 2 = 26.51, P < 0.001) and exhibited an area × stratum interaction (χ 2 3 = 20.57, P < 0.001). During the study, short-tailed shrews decreased in numbers significantly each year and were more abundant in closed stands (DS and CS) than in open stands (CPRS and PCT) in PROT, whereas the opposite occurred in TRAP (Fig. 1) .
The index of species richness varied among strata (F [3, 39] = 4.60, P = 0.006), with a higher number of species captured per 100 trap-nights in DS and CPRS stands than in PCT stands and CS (Fig. 2) .
Models predicting the abundance of small mammals
We found significant linear relationships between the abundance of hares, red-backed voles, deer mice, and short-tailed shrews and habitat variables. Although there were no significant relationships (P > 0.05) between the abundances of any pair of small-mammal species, we found that the addition of a companion species improved the fit for all four species after Note: CS, mid-age, mature coniferous stands; DS, mid-age, mature deciduous stands; CPRS, clearcuts with protection of advanced regeneration and soils (≤10 years previously); PCT, precommercially thinned stands (≤10 years previously). Values followed by a different letter refer to strata that were significantly different (P < 0.05) for that variable.
*Parametric and nonparametric tests yielded similar results. † Absent from 93% of plots, which precluded any statistical analysis. (Table 2) . Coniferous canopy closure increased the chances of capturing hares and red-backed voles, whereas the abundance of deer mice increased with that of CWD. The abundance of northern shorttailed shrews varied among strata (abundance × stratum interaction: F [3, 33] = 4.48, P = 0.006) and was positively related to that of red-backed voles. We could not adjust the regression models for meadow voles or woodland jumping mice, probably because of their absence in many sampling grids.
Discussion
Forest management has been intensive in southeastern Quebec during the last few decades, so the age-class 0-30 years comprised 41% of forest stands, with very few mature and oldgrowth stands in our study area (Observatoire de la Foresterie du Bas-Saint-Laurent 2003) . The objective of this study was to document how two common silvicultural treatments, CPRS and PCT, affected abundance and species richness of small mammals in treated stands compared with established mid- Indices of abundance (number animals captured / 100 trap-nights; mean + SE) of small mammals and snowshoe hares in four forest strata (CS, mid-age, mature coniferous stands; DS, mid-age, mature deciduous stands; CPRS, clearcuts with protection of advanced regeneration and soils; PCT; precommercially thinned stands) in two areas (TRAP, PROT) in southeastern Quebec. Different letters above the bars denote strata that were significantly different (P < 0.05).
age or mature forest stands. Characteristics of the four types of stands varied significantly from the canopy to the ground layer with respect to several variables. Small mammals responded species-specifically to habitat differences between stand groups. With the exception of the rare meadow vole, the seven study species maintained themselves in all habitat strata, but small-mammal diversity was lowest in stands treated with PCT. Moreover, we noticed a positive relationship between small-mammal abundance and some habitat components as well as positive associations between pairs of species after controlling for habitat variables.
Effects of CPRS and PCT on habitat characteristics
CPRS substantially opened up the forest canopy and reduced both tree density and basal area. Increased light in the understory stimulated vegetation growth, particularly for the herbaceous layer. The density of deciduous poles and biomass of their foliage also tended to increase, but our data set had not enough power for this increase to be significant. As an overall result, lateral cover was denser in CPRS stands than in CS or DS. In addition, CPRS operations generated CWD, therefore the structural complexity of the of the shrub and herb layers increased during the first 10 years following disturbance. Other studies in similar forests also revealed that clear-cutting substantially increased the amount of woody debris and light intensity on the ground (Génier and Bergeron 1996) and thereby favoured the development of herbs, shrubs, and seedlings. Thus, in addition to producing residual material that increased food availability, such as tree seeds and invertebrate prey (Monthey and Soutiere 1985) , stands treated with CPRS offered improved structural complexity to small mammals living close to the ground.
In our study areas, PCT occurred 10.8 ± 1.8 (mean ± SE; n = 12) years after CPRS. Although thinning often stimulates radial growth of crop trees (Brissette et al. 1999; Pothier 2002; Sullivan et al. 2002; Homyack et al. 2004 ) and crown size (Brissette et al. 1999; Sullivan et al. 2001b Sullivan et al. , 2002 , PCT tended, in our study area, to lower pole density and plant biomass between the ground and 1.5 m height to levels similar to those measured in DS and CS. Moreover, CWD declined in PCT compared with CPRS stands. Since no operations were performed to remove woody debris, this reduction was likely due to natural degradation. In adjacent Maine, a comparison of thinned and unthinned stands indicated that PCT lowered the density of horizontal and near-ground cover, but study stands had been previously treated with herbicides (Homyack et al. 2004) . In young lodgepole pine (Pinus contorta) stands in British Columbia, PCT had a more neutral impact on understory complexity (Sullivan et al. 2002) . As total plant biomass in the 0-0.5 m height stratum remained high during the growing season, we believe that PCT did not negatively affect the availability of food or cover for small herbivores. However, PCT reduced the efficiency of stands to protect small mammals from predators during the dormant season, particularly those species that utilize the snow surface for moving or feeding.
Effects of CPRS and PCT on small mammals
Snowshoe hare density was twice as high in TRAP than in PROT because of higher predation pressure in the latter area (Beaudoin et al. 2004; Etcheverry et al. 2005 ) but hare abundance remained relatively uniform in all strata in the two areas during summer. These findings indicate that vegetation within all strata was sufficient to maintain hares, which are generalists in terms of habitat requirements during summer (Wolff 1980; O'Donoghue 1983) , when food is widespread and cover is not limiting (Wolff 1980; Beaudoin et al. 2004) . In this study we found that hare abundance was positively related to the presence of coniferous canopy and to the biomass of coniferous foliage in the understory, which agrees with the results of a detailed study on hare habitat in the study area (Beaudoin et al. 2004) .
Red-backed voles occupied all strata and thus appeared to be generalists, as is found in other parts of eastern North America (Fuller et al. 2004 ). However, this species exhibited a positive association with coniferous canopy closure and a marked preference for CS and CPRS stands, the two strata with high-quantity CWD. Our results are consistent with those of other studies that recognized red-backed voles as residents of coniferous forests and reported positive relationships between voles and CWD and density of understory cover, two habitat components that most likely offer protection against predators (Nordyke and Buskirk 1991; Bowman et al. 2000; Sullivan et al. 2005) . PCT was less favourable for red-backed voles than CPRS. This agrees with findings from Wyoming (Nordyke and Buskirk 1991) sities of voles than unthinned stands (Homyack et al. 2005) . In British Columbia, density of red-backed voles tended to be higher in old-growth than in PCT stands (Sullivan et al. 2005) . Deer mice used all strata equally and we did not detect any influence of CPRS or PCT on their abundance; however, deer mouse density was associated with the presence of CWD. Fuller et al. (2004) suggested that CWD provides adequate cover for this species. Vickery (1981) found increased numbers of deer mice in stands with dense ground and midstory cover in Quebec, which is in line with findings that this species can respond positively to clear-cutting (Martell and Radvanyi 1977; Martell 1983; Kirkland 1990) or partial harvesting (Fuller et al. 2004 ). In British Columbia, deer mice were more abundant in young thinned and unthinned stands than in old-growth forests (Sullivan et al. 2005) .
Abundances of meadow voles and woodland jumping mice were very low during the study. Although the trend was not statistically significant, meadow voles tended to be more abundant in CPRS and PCT stands than in older stands and this species was practically absent in CS. Meadow voles prefer grassland habitats (Adler and Wilson 1989) , so their presence in the two opened strata was presumably associated with an increased biomass of graminoids and herbaceous plants within those habitats, a pattern also observed elsewhere (Kirkland 1990; Moses and Boutin 2001) . The abundance of woodland jumping mice did not vary significantly among strata, although this species sometimes responded positively to clearcutting (Kirkland 1990 ).
Captures of short-tailed shrews decreased significantly during the study, likely as a result of removal trapping, and we observed an area × stratum interaction. In PROT, short-tailed shrews were most abundant in DS, which is consistent with the usual preference of this species (Monthey and Soutiere 1985) . Because short-tailed shrews attempt to avoid desiccation, their distribution seems to be limited by moisture level (Getz 1961) . Thus, deciduous stands with deep leaf litter should provide sufficient ground moisture and be favourable to this species. On the other hand, short-tailed shrews were most abundant in PCT and CPRS stands in TRAP, which also seems normal because high shrew densities are generally associated with a complex understory consisting of dense herbaceous vegetation (Miller and Getz 1977; Healy and Brooks 1988; Kirkland 1990 ). We could not detect any relationships between the abundance of this species and measured habitat variables. Thus, in our study, the response of short-tailed shrews to CPRS and PCT was not clear and their abundance was likely related to variables we did not measure. In our study areas, DS and PCT stands appeared to offer conditions favourable to short-tailed shrews.
Heterogeneous environments generally enhance species richness (Kerr and Parker 1997) . Both CPRS and PCT improve heterogeneity at the landscape scale and thus could increase species richness (e.g., Carey and Johnson 1995; Sullivan and Sullivan 2001; Ecke et al. 2002) . At the scale of forest stands, our results indicated that species richness, estimated from 12 species of small mammals, remained relatively high in CPRS stands, but decreased slightly in PCT stands compared with CS and DS. CPRS, which removes the tree canopy but increases the structural complexity of the understory, creates heterogeneity within stands at the scale of small mammals. On the contrary, PCT (which normally follows CPRS by approximately 10 years) removes some structural heterogeneity of stands and can result in a simplification of understory structure, particularly during the dormant season.
We found a positive association between several pairs of small-mammal species in our study areas once habitat variables had been taken into account. This suggests that such pairs of species shared some habitat components, for example, refuges from predators, which enhanced the probability of encountering one species in the presence of the other. Our regression models explained only 24%-35% of the variation in the data set, which is not surprising when the complex way in which animals use their habitat is considered. Future studies should investigate which factors explain the positive associations we observed between pairs of small-mammal species.
Management implications
The response of small mammals to tree harvest and thinning of young, dense stands in southeastern Quebec was species specific, as was previously observed elsewhere (Kirkland 1990; Sullivan et al. 2002; Fuller et al. 2004; Homyack et. 2005) . With the difference that dead wood remains on site after disturbance, CPRS can be compared to fire and insect epidemics, which can kill most trees within stands (Bouchard et al. 2005; Harper et al. 2005) , opening up the canopy considerably and stimulating plant growth in the shrub and herb layers. PCT has no natural equivalent because competition reduces stem density in natural young stands progressively, not abruptly. Many animal species depend on young, dense stands for finding food or escaping predation. For instance, the snowshoe hare, a keystone species in mixed and boreal forests, selects dense stands of young conifers as core home Note: For northern short-tailed shrews, the final model varied among habitat strata. Hare, snowshoe hare; RBVole, southern red-backed vole; DMouse, deer mouse; NSTShrew, northern short-tailed shrew; WJMouse, woodland jumping mouse; CCC, coniferous canopy closure; BCSup, biomass of coniferous foliage above 50 cm; CWD, coarse woody debris; CS, mid-age, mature coniferous stands; DS, mid-age, mature deciduous stands; CPRS, clearcuts with protection of advanced regeneration and soils; PCT, precommercially thinned stands. Table 2 . Linear regression models predicting abundance of four small-mammal species according to habitat variables, and relative abundances of other animal species within two areas in southeastern Quebec. range, particularly during winter (Beaudoin et al. 2004) . Thus, to maintain ecosystem diversity at the landscape level, forest managers should exclude some stands from PCT. This could prove to be particularly important because in northeastern North America, stands with high pole density are a common feature of mixed and boreal forests following natural disturbances.
